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Abstract: A microstructure variation in Al-1060 alloy after helium ion irradiation was revealed by a
transmission electron microscope (TEM). The result shows that ion irradiation produced dislocations,
dislocation loops, cavities and microcrystals in the irradiated layer. Dislocation-defect interactions
were portrayed, especially the pinning effect of a dislocation loop and cavity on moving dislocation.
Irradiation-induced stress was recognized as the main factor which impacted on the interaction of
defect. Based on the dislocation inhibited with irradiation defects, the mechanism of microcrystal
formation was proposed.
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1. Introduction

In recent years, microstructure evolution and characteristics of materials subjected to various
energetic ion irradiation were investigated [1–3]. When energetic ion impinges on a target surface,
the momentum transfer between the incident ion and the target atom will lead to the generation
of displacement and rearrangement in an irradiated layer of target. During the irradiation process,
interstitial atoms and vacancies are produced continuously and accumulated as cluster defects [4].
Recent studies of irradiation effects in metals have highlighted the important role of primary point
defects and clusters in microstructure evolution and property variations of target material.

At a very early stage of irradiation, interstitial atoms have a higher mobility than vacancies,
interstitial atoms can accumulate as extrinsic stacking faults, dislocations and interstitial dislocation
loops (I-loop). These defects can be observed by a transmission electron microscope (TEM) [5,6].
In Cu3+ ion irradiated copper, irradiation-induced defects comprise the stacking fault tetrahedra (SFT)
and I-loop, and the defect density can be expressed as a function of the irradiation dose [7].

Similarly, vacancy could aggregate into a vacancy cluster, and a large enough vacancy cluster will
collapse into a stacking fault tetrahedra (SFT) or a vacancy type dislocation loop (V-loop) which is
intrinsically glissile [8]. On the other hand, a three dimension vacancy cluster was observed in neutron
irradiated high purity nickel [9]. During annealing process, these 3D clusters may transform into
SFT or V-loop. The formation and evolution of a V-loop in an austenitic stainless steel was in-situ
investigated using a laser-equipped high-voltage electron microscope [10].

Another form of vacancy cluster exists as the cavity. Helium-vacancy clusters form at the early
stage of irradiation. The accumulation of point defects facilitate the evolution of helium-vacancy
clusters into cavities. Using kinetic Monte Carlo simulations, Caturla et al. provided an atomic scale
description of this process [11]. Furthermore, glissile dislocation originated from a vacancy cluster
provided a channel for atoms transfer which accelerated the rate of void formation [12].
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In samples with ion irradiation, it has been known that defects such as dislocations, dislocation
loops, SFTs and cavities produced by ion irradiation would alter the performance of an irradiated
layer [13–15]. As a commonly used fuel cladding material in a low-temperature reactor, studying
the influence of irradiation on microstructure is also beneficial to understand the stress status
in the irradiated layer. In our previous work [16,17], irradiation-induced strain variation in the
irradiated layer and a morphology change in the surface had been studied. In order to better
explain the irradiation-induced tensile stress in an irradiated layer, vacancy cluster was mentioned,
while, the configuration of interstitial or vacancy clusters were not studied in detail. The purpose of
the present work is to investigate the specific configuration of defect clusters, especially dislocations,
dislocation loops and cavities in irradiated samples. However, it has been reported that a lower dose of
irradiation would not introduce obvious defects on the target, while an increasing dose of irradiation
may raise a higher temperature of the target and result in annealing [18,19]. Synthesizing with our
experimental results, the microstructure evolution of irradiated samples was evaluated in this paper.
The work provided insight into the defect evolution and interactions, which is helpful to understand
the formation mechanism of microcrystals in irradiated samples.

2. Materials and Methods

A commercially pure Al-1060 with a nominal chemical composition ((wt.%): Fe 0.35, Si 0.25,
Cu 0.05, Zn 0.05, V 0.05, Mn 0.03, Ti 0.03, Mg 0.03 and Al balance) was studied in this work. Prior
to the irradiation experiment, the alloy was cut into square-samples with a cross-section of 10 mm ×
10 mm and a thickness of 1 mm by an electrical discharge wire-cutting machine. All samples were
previously grounded with an increasing mesh number of SiC sandpapers (from 180 to 1000), finishing
with a diamond-alcohol solution polishing compound polish to make a mirror finish. Afterwards, a
beam of helium ions (10 µA·cm−2, 50 keV) were perpendicularly injected into the surface of the target
by a MT3-R ion implanter (Beijing BoRuiTianCheng Technology Co., Ltd., Beijing, China) at 300 ◦C.
In [16], a schematic diagram of the home-made MT3-R ion implanter was given. An initial thinning
of the samples to sheets with thickness less than 0.1 mm was made by removing materials from the
sample undersurface using SiC sandpapers. Then the sheets were punched into discs with diameters of
3 mm. After that, these discs were grounded to a thickness less than 30 µm and thinned in a Gatan-691
precision ion polishing system (Gatan, Inc., Pleasanton, CA, USA). The microstructure of irradiated
layer was examined with a JOEL JEM-2100F transmission electron microscope (TEM, JOEL Ltd., Tokyo,
Japan) operating at 200 kV.

3. Results

3.1. Microstructure of Un-Irradiated and Irradiated Samples

Figure 1a–d show the bright field TEM images of an un-irradiated sample and samples with
1015, 1016 and 1017 ions·cm−2 of irradiation. A typical microstructure of the Al-1060 alloy shows
α-Al matrix with grain boundary (GB) and homogeneously distributed fine precipitates, as shown
in Figure 1a. This agrees with the attractive properties of pure aluminum such as good plasticity.
The grain size distributions of un-irradiated and irradiated samples were statistical analyzed, as shown
in Figure 1e. The average size of a microcrystal in an un-irradiated sample is ~1.37 µm, as shown
in Figure 1a. When the alloy was irradiated with 50 keV helium ion, an irradiated layer with a
thickness of ~550 nm was produced (calculated by SRIM-2013 software). In the irradiated layer of a
1015 ions·cm−2 irradiated sample, microcrystals with an average size of ~0.41 µm were found, as shown
in Figure 1b. Moreover, smaller grains were found in samples with higher fluence irradiation, as shown
in Figure 1c,d. As shown in Figure 1e, the average size of the microcrystals in 1016 and 1017 ions·cm−2

were ~0.26 and ~0.08 µm. The results indicated that the grains were refined in irradiated samples.
Since a mass of defects were produced in irradiated samples. These defects would affect the integrity
of the crystal structure and induce lattice distortion and stress in irradiated samples. The phenomenon



Coatings 2019, 9, 516 3 of 9

can be revealed by the X-ray diffraction patterns of un-irradiated and irradiated samples that are given
in [16]. It can be seen that the (111) peak intensity of the irradiated sample is lower than that of an
un-irradiated sample.
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Figure 1. Bright field TEM images of samples without and with irradiation: (a) un-irradiated sample; 
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much higher than what was shown in the un-irradiated sample. Figure 2c exhibits projected 
dislocation loops which align along specific directions with different configurations. Patterns of 
projected dislocation loops change with the variation of angles between habit planes and the view 
screen, as dislocation loops lay on different habit planes. Rows of dislocation loops exhibiting 
elliptical contrast were obtained with an average size of ~70 nm. A cavity is another type of 
irradiation-induced defect, as shown in Figure 2d,e. In overfocus (Figure 2d) and underfocus (Figure 2e) 
of bright field micrographs, cavities with an average size of ~10 nm can be observed. 

Figure 1. Bright field TEM images of samples without and with irradiation: (a) un-irradiated sample;
(b) 1015 ions·cm−2; (c) 1016 ions·cm−2; and (d) 1017 ions·cm−2. (e) grain size distribution of un-irradiated
and irradiated samples.

Figure 2a–e shows the primary microstructure observed in irradiated samples. In comparison
with un-irradiated sample (shown in Figure 1a), it can be found that dislocations, dislocation loops and
cavities were introduced in the irradiated layer. Figure 2a,b shows the configuration of dislocations
and dislocation tangles in the interior of grain. The density of dislocations in this case is much higher
than what was shown in the un-irradiated sample. Figure 2c exhibits projected dislocation loops which
align along specific directions with different configurations. Patterns of projected dislocation loops
change with the variation of angles between habit planes and the view screen, as dislocation loops lay
on different habit planes. Rows of dislocation loops exhibiting elliptical contrast were obtained with an
average size of ~70 nm. A cavity is another type of irradiation-induced defect, as shown in Figure 2d,e.
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In overfocus (Figure 2d) and underfocus (Figure 2e) of bright field micrographs, cavities with an
average size of ~10 nm can be observed.Coatings 2019, 9, x FOR PEER REVIEW 4 of 9 

 

  

  

 
Figure 2. Bright field TEM images of samples with 1016 ions·cm−2 irradiation: (a,b) dislocation and 
dislocation tangle; (c) dislocation loop; and (d,e) cavity. 
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Burgers vector. Similarly, with the formation of I-loops, compression stress is induced. Here, it is 
suggested that the expansion or shrinkage of the loops are associated with the impact of stress as 
well as absorption of point defects. Moreover, irradiation-induced stress is recognized as the main 
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Figure 2. Bright field TEM images of samples with 1016 ions·cm−2 irradiation: (a,b) dislocation and
dislocation tangle; (c) dislocation loop; and (d,e) cavity.

It is well known that the constant production of self-interstitial atoms (SIAs) and vacancies
would introduce lattice distortion, dislocations and other kinds of defects in the irradiated layer of
the sample, as shown in Figure 2. In order to reduce the free energy of the matrix, supersaturated
vacancies and interstitials tend to accumulate on {111} planes by means of atomic scale diffusion and
aggregation. In particular, the accumulated point defects would act as nucleation sites for the formation
of dislocation loops and cavities [20,21]. It is noted that transformation of vacancy clusters to V-loops
will result in a contraction of the material and induce tensile stress in the direction of the Burgers vector.
Similarly, with the formation of I-loops, compression stress is induced. Here, it is suggested that the
expansion or shrinkage of the loops are associated with the impact of stress as well as absorption of
point defects. Moreover, irradiation-induced stress is recognized as the main factor which facilitates
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the interaction and growth of defects. The stress is related with lattice distortion and the formation of
defects in the irradiated layer.

3.2. Dislocation Configuration in Irradiated Samples

As an increasing number of defects are produced in the surface layer during irradiation, dislocations
can be driven by a defects-induced stress field [22]. Figure 3 shows the configuration of dislocation in
irradiated samples. Figure 3a indicates the dislocation tangle configuration in the interior of grain.
Figure 3b displays the dislocation wall formed in the 1016 ions·cm−2 irradiated sample. In addition,
dislocations are found to pile up and tangle at GB; as shown in Figure 3c,d, the configuration of an
array of approaching dislocations pass through GB. In this case, it is considered that the accumulation
of dislocations increased the resolved shear stress to GB. In order to relieve the concentration of stress,
a special slip system was activated by the GB which facilitated the movement of dislocations. In fcc
metals, {111} semi-coherent interfaces contain either three sets of Shockley partial dislocations or
three sets of full dislocations, depending on the stacking fault energy [23]. The high stacking fault
energy of aluminum promotes the nucleation of partial dislocation during movement, which removes
the stacking fault defects on glide planes [24]. That is why no obvious stacking fault defects can be
observed in the irradiated sample.
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3.3. Dislocation-Defect Interaction in Irradiated Samples

What is noteworthy is that, irradiation-induced defects were acting as obstacles for moving
dislocation. It has been known that dislocation can be easily driven at higher temperatures in a sample
existing with applied stress. In this case, the interaction of moving dislocations with obstacles deserved
more attention. As shown in Figure 3, the dislocation–dislocation interaction may form a dislocation
tangle, dislocation wall, etc. Figure 4 shows the configuration of a moving dislocation meeting
with obstacles such as a dislocation loop and a cavity in irradiated samples. Figure 4a shows that
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dislocations bow out as a result of inhibition of dislocation loops. Figure 4b shows the configuration of
moving dislocations pinned with dislocation loops. As the number of dislocations increase at pinning
sites, a change of strain field can be inferred from the distance variation of dislocations. In practice,
loops with a larger size can block the motion of dislocations more effectively.

Furthermore, the rows of dislocation loops along specific directions revealed in Figures 1c and 4c
deserve more attention. As pre-existing crystal defects such as dislocations and GBs would act as sinks
for trapping or recombining irradiation-induced interstitial atoms [25]. Moreover, interstitial atoms
always have lower migration ability and formation energy than vacancies. Hence, a greater probability
of capturing interstitial atoms would occur at sinks. As interstitial atoms captured with trapping sites,
a favorable condition is created for the formation of vacancy clusters [26]. As shown in Figure 4b,c,
dislocation loops are favored to form in the vicinity of GBs [27]. In addition, a group of dislocation
loops have a better pinning effect than single ones, which facilitate the formation of microcrystals in
irradiated samples.
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Similarly, cavities can also perform as effective barriers in the process of dislocation movement,
as shown in Figure 4b. Vacancy clusters can be present in the form of cavities in irradiated samples,
as observed in Figure 1d,e. During helium ion irradiation, vacancies or vacancy clusters can trap helium
atoms to form HenVm type vacancy clusters [28]. Attributed to the helium induced pressurization
inside, these HenVm type vacancy clusters exhibited more stability than empty vacancy clusters [29].
Moreover, irradiation enhanced the diffusion ability of helium atoms and vacancy, which accelerated
HenVm complex nucleation and coalescence. Then, cavities formed and grew into bigger ones.
Cavities formed in irradiated samples have the effect of blocking and pinning dislocation, as shown
in Figure 5b. Figure 5b shows the tendency of small cavity coalescence into bigger ones. Similarly,
with V-loops, cavities have drawing force on surrounding material, which would also introduce tensile
stress in the irradiated layer. In addition, bigger cavities can enhance the barrier effect on moving
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dislocations, which will take longer time to climb over the bigger ones. Analogous conclusions were
revealed in fcc metals simulated by a concurrent atomistic-continuum method, dislocations were also
found to bow as a result of pinning on the original glide planes due to cavity strengthening [30,31].
Moreover, when cavities appear in a line, it can be ascertained that an ideal site was developed for
the production of microcrystal boundary, as shown in Figure 5a. Accordingly, dislocation-defect
interactions facilitated the forming of microcrystal in irradiated samples. In conclusion, irradiation
induced basic defects (vacancies and interstitials) in irradiated samples. The diffusion and aggregation
of point defects resulted in the forming of structural defects. Moreover, the defect–defect interactions
facilitated the evolution of microstructure (involving microcrystal forming) in irradiated samples.
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4. Conclusions

Microstructure variations of helium ion irradiated Al-1060 alloys were explored in this work.
Irradiation-induced supersaturated point defects led to the formation of irradiation defects such as
dislocations, dislocation loops and cavities in irradiated samples. Attributing to the dislocation-defects
interactions, microcrystals were formed in the irradiated layer. Dislocation loops may expand or shrink
by means of absorbing point defects. In addition, dislocation loops prefer to form in the vicinity of GBs
due to the sink effect and high stacking fault of aluminum. Helium can stabilize the nucleation and
growth of vacancy clusters. Meanwhile, cavities can grow by absorbing a vacancy cluster or a small
cavity from an adjacent region. Both dislocation loops and cavities with bigger sizes would have a
better barrier effect than smaller ones. In addition, the interaction between dislocation and irradiation
defects was the primary mechanism for the production of microcrystal in irradiated samples.
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